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Foreword

In conducting research described in this report, the investigator(s) adhered to the
"Guide for the Care and Use of Laboratory Animals," prepared by the Committee on
Caire and Use of Laboratory Animals of the Institute of Laboratory Animal Resources.
National Research Council (DHEW Publication No. (NIH) 86-23, Revised 1985).
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RESEARCH REPORT

In the fourth year of this project, we have concentrated on our efforts on
identification of sodium channel receptor site for Cc-scorpion toxins by analysis with
sequence-dihcted antibodies and on determination of the effects of sequence-directed
antibodies on sodium channel function.

I. Photolabeling of the Scorpion Toxin Receptor Site on the RI and RII Sodium

Channel Subtypes

INTRODUCTION

At least five different receptor sites for distinct families of neurotoxins have been
shown to be present on voltage-sensitive sodium channels (Ritchie and Rogart, 1977;
Catterall, 1980, 1988; Couraud et al., 1982; Poli et al., 1986). a-scorpion toxins bind to
neurotoxin receptor site 3 on the sodium channel in a voltage-dependent manner
(Catterall,1977; Ray et al., 1978) and modify the activity of the channel by slowing its
inactivation and producing a change in the voltage-dependence of inactivation (reviewed
by Catterall, 1980; Meves et al, 1986; Strichartz et al, 1987). Purified sodium channels
have a principal oa subunit of 260 kDa, which is expressed in nerve and muscle in
association with one or two smaller 0 subunits (Agnew, 1984; Catterall, 1984, 1986;
Barchi, 1988). The purified sodium channel from rat brain is a complex of three
polypeptide subunits: a (260 kDa), 131 (36 kDa), and 132 (33 kDa). The 132 subunit is
covalently attached to a by disulfide bond(s), whereas the 131 subunit is noncovalently
associated (Hartshorne et al, 1982; Hartshome & Catterali, 1984). The reconstitution of
this purified complex in phospholipid vesicles and planar bilayers shows that these
proteins can mediate the functional activities of a voltage-sensitive sodium channel
(Talvenheimo et al, 1982; Tamkun et al., 1984; Hartshorne et al., 1985), including
voltage-dependent binding of a-scorpion toxin (Feller et al., 1985).

Affinity labeling of sodium channels in synaptosomes and neurons in cell culture
with a photoreactive azidonitrobenzoyl (ANB) derivative of the principal a-scorpion
toxin (toxin V) from Leiurus quinquestriatus (LqTx) yields two specifically labeled
polypeptides of 260 kDa and 32-35 kDa (Beneski & Catterall, 1980; Darbon et al., 1983;
Sharkey et al., 1984; Jover et al., 1988). The larger polypeptide has been identified as the
a0 subunit of the sodium channel by immunoprecipitation with a specific antiserum
(Sharkey et al., 1984), while the smaller polypeptide has been proposed to be the 131
subunit. The ac subunit of purified and reconstituted sodium channels is also specifically
photolabeled by ANB-LqTx (Messner et al., 1986). We have now examined covalent
labeling of the sodium channel a subunit with two different photoreactive derivatives of
LqTx and determined their specificity for sodium channel subtypes, allosteric modulation
by other neurotoxins, and site(s) of incorporation in the a subunit.

EXPERIMENTAL PROCEDURES

Materials. LqTx was purified from the yenom of the scorpion Leiurus
quinquestriatus, radioactively labeled with Na " I and lactoperoxidase, and repurified to
give the monoiodo derivative (Catterall, 1977). Batrachotoxin (BTX) was kindly
provided by Dr. John Daly (Laboratory of Bioorganic Chemistry, NIDDK, NIH).
Antisera directed against defined peptide segments of the RI and RII sodium channels
from rat brain were prepared as described previously (Gordon et al, 1987, 1988) and IgG
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fractions were isolated by precipitation with 50% saturated (NH 4)2 SO4 . Anti-SPI 11 and
anti-SPl 1II antibodies were affinity-purified by adsorbtion to immobilized sodium
channels (Wollner and Catterall, 1986). Antibody volumes refer to the amount of
purified antibodies isolated from the equivalent volume of original antiserum.

Synaptosomes were isolated from rat brain by differential and density gradient
centrifugation as described previously (Tamkun and Catterall, 1981). Purified sodium
channels from rat brain (Hartshorne and Catterall, 1984) at concentrations of 300-400 nM
in 25 mM Hepes-Tris, pH 7.4, 100 mM Na SO 4 , 0.4 mM MgSOa, 157 mM N-
acetylglucosamine, 4 p.M tetrodotoxin (4;X), 1.65% Triton X-100, 0.19%
phosphatidylcholine (PC) and 0.12 % phosphatidylethanolamine (PE) were reconstituted
in phospholipid vesicles by removing the detergent from the solution with Bio-beads 3M-
2 (Tamkun et al, 1984; Feller et al, 1985). The channel reconstituted in this way was
immediately used for photolabeling studies. The concentration of purified sodium
channels was measured by determination of specific bind.'ng of [ Hisaxitoxin (STX)
using a rapid gel filtration assay for solubilized channels (Hartshome and Catterall, 1984)
or filtration through glass fiber filters for reconstituted vesicles (Tamkun et al, 1984).

Determination of binding of l 25 1-LqTx to sodium channels. Two hundred V1 of
reconstituted PCOPE vesicles containing purified sodium channels were desalted by rapid
gel filtration using 2 ml Sephadex G-50 columns made with disposable 3 ml syringes.
Prior to the addition of the sample, the columns were equilibrated in 24 mM Hepes-Tris,
pH 7.4, 140 mM choline chloride, 0.4 mM MgSO 4 and 4 mg/nl BSA and prespun in a
benchtop centrifuge. A rapid filtration binding assay (Tamkun et al, 1984; Feller et al,
1985) was carried oufj3 200 tl of the same buffer containing 10 pl of the desalted
vesicles and 0.5 nM L I-LqTx. The nonspecific binding was determined in samples
containing 400 WM of unlabeled LqTx. In some cases, either 1 pM ITX or 2 pM BTX or
both were present as indicated for each experiment. 7

Synthesis of ANB.1 25 1.LqTx and MAB-12 51-LqTx. All manipulations were
carried out in the dark or under red light. "Wpnty pl of 0.2 M triethanolamine HCI, pH
9.0, were added to 200 V.1 of 100-150 nM l'-'ILqTx in 25 mM sodium phosphate, pH
7.4, 50 mM NaCl and 0.4 mg/ml BSA to give a final pH of 8.3. The coupling reaction
was initiated by addition of 1.6 ml of a concentrated solution of ANB N-
hydroxysuccinimide in dioxane containing 0.75 mol ANB N-hydroxysuccinimide per
mol of lysine residues. After 90 min at room temperature, the addition was repeated and
the incubation continued for 90 min more. The reaction was stopped and the excess of
reagent was destroyed by adding IM Tris-HCl to a final concentration of 40 mM.

A similar protocol was followed in the synthesis of MAB-LqTx. In this case, 100
pl of the toxin solution were mixed with 50 l1 of triethac;olamine HCI. Twenty to 25
equivalents of MAB hydrochloride were added from a cold, freshly prepared sc lution
prepared in 90 mM triethanolamine HCI containing 10% (v/v) dioxane and 4 mg/nil
MAB hydrochloride. The reaction was stopped in the same way as for the ANB
derivative. The solutions obtained in this way were stored at 40 C and used for
photoaffinity labeling experiments within 4811.

Photolabeling of sodium channels. A suspension of synaptosomes (0.5 mg
protein/mni) in 50 mM Hepes-Tris, pH 7.4, 130 mM choline chloride, 5.5 mM glucqu 0.5
mM MgCI , 5.4$ KCI, I mg/mi BSA, 1 p.M BTX, 1 VM MTX and 2 nM ANB- ZI-
LqTX or MIABI-lI-ILqTx, was incubated in the dark at 37°C for 10 min. The solution
was irradiated at 0°C for 10 min with a dual Sylvania blacklite blue fluorescent lamp
(A7na 356 nrn, 15 W per bulb) which was placed 5 cm from the sample. KCI (4 M) was
adde to give 150 mM final concentration, and the samples were centrifuged in

4



microfuge at 40C. The pellets were resuspended and washed with the same buffer
without toxins and containing 135 mM KCI instead of choline chloride to enhance
dissociation of noncovalently bound LqTx. The final pellets were used immediately for
electrophoresis or stored at -800 C for no more than 7 days.

For photolabeling of purified sodium channels, 30 )pt of reconstituted, desalted
PC/PE vesicles prepared as described above for the LqTjp•nding assay, were diluted in
100 W1 of binding buffer containing 4 nM photoreactive Il-LqTx. The solution was
incubated and irradiated as described above for synaptosomes. Samples were directly
used for electrophoretic analysis or for the isolation of the photolabeled peptides as
described below. BTX (1 pM) or 1 pM TTX or both were included as indicaud. LqTx
(400 nM) was added to some samples in order to determine the nonspecific
photolabeling.

Solubilization and purification of phololabeled sodium channels. A pellet
containing 250 pg of photolabeled synaptosomes was solubilized at 4°C for 15 min with
150 W1 of 20 mM Hepes-Tris, pH 7.4,50 mM NaC!, 3% Triton X-100, 0.3% PC, 10 pM

MTX, containing 16 gg/ml phenyl methanesulfonyl fluoride, 1 pM pepstatin A, and 0.5
n•M iodoacetamide as protease inhibitors. Insoluble proteins were separated by
centrifugation, and the detergent-solubilized samples were used directly for
immunoprecipitation experiments.

For pwified and reconstituted sodium channels, 1 ml containing 20 to 30 pmol of
photolabeled, reconstituted sodium channels was incubated at 40 C for 20 min in 25 mM
sodium phosphate, pH 7.5, 100 mM NaCl, 5 mM EDTA, and 1.5% Triton X-100 and
protease inhibitors. WGA-Sepharose (250 ptl of a 10% [w/v] suspension) was added, and
the samples were mixed by rotation at 40 C for 30 min. The pellet was first extensively
washed at 40 C with Buffer S (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA,
and 0.5% Triton X-100) containing 4 mg/ml BSA and thcn twice with the same buffer
without BSA. The proteins bound to WGA-Sepharose were eluted by washing three
times at 0°C for 3 min with 250 tl 0.2 M N-acetylglucosamine in buffer S. This solution
was stored at -800 C and used within two weeks for immunoprecipitation and proteolysis
experiments.

RESULTS

Photoaffinity labeling of rat brain sodium channels. Two different
photoreactive derivatives of LqTx have been synthesized by coupling photoactivable
reagents to free amino groups on the polypeptide toxin. Lysine 60 has been shown to be
the preferred site of reaction of amino group reagents with LqTx with lys 58 as a
secondary site (Darbon et al, 1983b). ANB N-hydroxysuccinimide is expected to give an
uncharged amide adduct while MAB hydrochloride is expected to give an imidine adduct
which retains the original charge of the lys residue. Irradiation of syA, yosomal fractions
with long wavelength UV light in the presence of specifically bound I-ANB-LqTx
results in the specific photolabeling of two proteins of 270 kOa and 37 kDa when
analyzed by SDS-PAGE as shown in Fig. 1A (lane 2). This labeling is blocked by
incubation with excess unlabeled LqTx (Fig. IA, lane 4). In previous work, the 270 kDa
protein has been identified as the a subunit of the sodium channel by
immunoprecipitation with antibodies, whereas the 37 kDa protein has been identified as
the 11 subunit based on its apparerqt1polecular weight (Beneski and Catterall, 1980;
Sharkey et al, 1984). In contrast, [ I1 1J]MAB-LqTx specifically photolabels only the 270
kDa band in synaptosomes (Fig. 1 B, lanes 2 and 4). Reduction of the 300 kDa disulfide-
linked oP2 complex did not yield additional photolatbeled bands of low molecular weight
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(Fig. 1 A and B, compare lanes 1 and 2) indicating that 132 subunits are not labeled. The
introduction of a large excess of coupled MAB groups on the toxin does not produce any
additional specifically photolabeled protein bands (Fig. IC). These results indicate that
the two photoreactive derivatives of LqTx label the sodium channel complex in
synaptosomes differently.

Both ANB and MAB derivatives photolabeled only tie ot subunit in preparations
of purified sodium channels reconstituted in phospholipid vesicles (Fig. 2, lanes 1 and 3).
Incorporation of the photolabel into the a subunit was completely blocked by incubation
with unlabeled LqTx (Fig. 2, lanes 2 and 4). The intense photolabeled protein band of
about 65 kDa is BSA which was used as a scavenger to reduce the nonspecific labeling in
the photoreaction. No protein band of 37 kDa was photolabeled in this purified
preparation, even though 131 subunits are present in equal stoichiometry to a subunits
(Hartshorne and Catterall, 1984). Evidently, the receptor site for a-scorpion toxins is
located on the a subunit of the sodium channel. LqTx bound at this site can, under some
conditions, label the nearby 1P1 subunit.

Photolabeling of the RI and R sodium channel subtypes frown rat brain. Anti-
SPI 1 and anti-SP1 11, specific antiboIies against R, and RII rat brain sodium channel
subtypes respectively (Gordon et al, 1987), are able to immiunoprecipitate photolabeled
sodium channel (x subunits from synaptosomes (Fig. 3, lanes 1 and 3). No photolabeled
protein bands are immunoprecipitated from samples labeled under conditions of
nonspecific binding in the presence of excess unlabeled Lql'x (Fig. 3, lanes 2 and 4).
These results show that the a subunits of both the RI and RII sodium channel subtypes
have high affinity binding sites for LqTx.

Purified preparations of sodium channels from rat brain are approximately 75%
RII and 25% RI (Gordon et al, 1987). Photolabeled ot subunits are immunoprecipitated
by anti-SPI11 and anti-SPI III antibodies (Fig. 3B, lanes 1 and 3). No photolabeled
protein bands are immunoprecipitated when the photolabeling reaction is carried out in
the presence of excess unlabeled LqTx (Fig. 3, lanes 2 and 4). Since the
immunoprecipitation of purified and reconstituted sodium channels was carried out with
saturating quantities of the two antibodies, these results can be compared quantitatively o!
with the relative amount of R and RII present in the purified preparations. As expected,
approximately 3-fold more raaioactive toxin is incorporated into the RII channel
consistent with its 3-fold higher concentation in the purified preparation.

Both R and R11 sodium channel at subunits are expressed as disulfide-linked
complexes wits 12 subunits (Gordon et al, 1988). Affinity purified anti-P2 antibodies
inmunnoprecipitated a 300 kDa band in the unreduced photolabeled sodium channel (Fig.
3B, lane 5). When disulfide bonds are reduced, the photolabeled a subunits are no longer
immunoprecipitated by anti-12 antibodies (Fig. 3B, lane 6), demonstrating that 132
subunit is covalently attached to the photolabeled a subunit in purified sodium channels
of both subtypes.

Allosteric modulation of LqTx binding and photolabeling of purified and
reconstituted sodium channels. It has previously been shown that reconstitution of
purified sodium channels in vesicles of defined phospholipid composition restores the
specific binding of LqTx with the high affinity and voltage-dependence characteristic of
native sodium channels (Tamkun et al, 1984; Feller et al, 1985). In intact membranes,
binding of LqTx is also modulated by neurotoxins acting at sites 1 and 2 on the sodium
channel (Ray et al, 1978; Catterall et al, 1979). This allosteric modulation was not
systematically examined in previous reconstitutio ?A-udies. The results of Fig. 4A show
that both 1TX and BTX enhanced the binding of -'I-LqTx, as expected from studies of
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toxin binding to sodium channels in intact manibranes. Their effects were additive when
both BTX and 1TX were present. Thus, the interactions among neurotoxins bound at
different receptor sites in native sodium channels are recovered in purified and
reconstituted sodium channels.

Modulation of photoaffinity labeling by BTX and TrX was examined for both
AND and MAD derivatives of LqTx, As illustrated in Fig.5A, both 13'B aF ne 2) and
TrX (lane 3) increase the photoaffinity labeling of at subunits by MAB- qI-LqTx
compared to the control sample (lane 1). Their effects are additive (Fig. 5A, lane 4).
This pattern of photolabeling by MAB-LqTx follows closely the changes in binding of
native LqTx as illustrated quantitatively in Fig. 4B (hatched bars). In contrast, these
toxins did not produce significant effects on the photolabeling of the at-subunit by AND-
LqTx (Fig. 513), These results differ sharply from the pattern of binding observed for
native LqTx (Fig. 4B, open bars). The different results observed with AND and MAD
derivatives of LqTx suggest that the loss of the positive charge of the lysine residues to
which the photoreactive groups are attached alters the allosteric interactions between
LqTx binding and binding of BTX and TTX.

Proteolytic fragments of the photolabeled a subunit. In order to test whether the
labeling within the photolabeled ax subunit is distributed along the molecule or
concentrated in a specific domain, the a subunit was isolated and subjected to proteolysis
with S. aureus protease V8 or chyniotrypsin. Both enzymes produce fragments of 60-70
kDa containing most of the covalently bound Lq'rx of a subunits photolabeled by AND-
LqTx (Fig. 6A) or MAB-LqTx (Fig. 6B). This suggests that both reagents labeled the
same region within the structure of the ot subunit despite the differences in their binding
interactions with the sodium channel..

DISCUSSION

Location 'ýf the receptor site for oa-scorpion toxins. Previous experiments on
photoaffinity labeling of the receptor site for oa-scorpion toxins with ANB-LqTx resulted
in covalent labeling of polypeptides of 260 kDa and 32-37 kDa in synaptosomes (Beneski
and Catterall, 1980; Sharkey et al, 1984; Jover et al, 1988; Fig. 1). Since both 260 kDa
and 32-37 kDa polypeptides were substantially labeled, these results did not clearly
define which one actually contained the toxin receptor site. Our present results indicate
that the 260 kDa ac subunit of the sodium channel is the target of oa-scorpion toxins since
it is the only protein specifically labeled by both ANB and MAD derivat'ves of LqTx. In
purified and reconstituted preparations of native sodium channels, both photoactivable
den',i atives of LqTx label the oa subunit exclu:,ively. In synaptosomes, ANB-LqTx labels
polypeptides of 260 kDa and 37 kDa, while M.-AB-LqTx labeis only the ot subunit, even
when heavily substituted toxin preparations are used. Since purified and reconstituted
sodium channels bind LqTx with similar affinity, voltage dependence, and allosteric
interactions as native sodium channels, it is likely that the site of covalent labeling in
purified sodium channels represents the normal site of interaction in native sodium
channels and, therefore, that this site is located on the ct subunit.

High affinity binding of LqTx to sodium channel subtypes. Two different
sodium channel at subunit subtypes, R, and R11, are expressed in the adult rat brain (Noda
et al, 1986; Gordon et al, 1987). These two oa subunits a,' 87% identical in amino acid
sequence (Nda et al, 1986), but their comparative functional properties are mlknown
because the RI subtype is poorly expressed from cloned DNA. We show here that (X
subunits of both the R and R11 sodium channel subtypes are labeled to an approximately
equivalent extent by photoreactive derivatives of LqTx and are expressed in disulfide



linkage with 032 subunits. Since high affinity binding of LqTx is required for efficient
photoaffinity labeling, we conclude that these two sodium channel subtypes both have
high affinity for LqTx.

Allosteric modulation of the binding of LqTx to purified and reconstituted
sodium channels. In previous studies of purified and reconstituted sodiur 2qannels
(Tamkun et al, 1984; Feller et al, 1985), the modulation of the binding of 'I-LqTx by
neurotoxins which interact with receptor sites 1 and 2 was not reproducibly observed, in
contrast to previous work with native synaptosomal sclium channels (Ray et al, 1978;
Catterall et al, 1979; Tamkun and Catterall, 1981). In our present experiments using a
reconstitution protocol modified as described by Messner et al (1986), BTX and TTX
caused additive increases in the binding of LqTx in close correspondence to results
expected from studies in synaptosomes. Thus, reconstituted sodium channels retain the
allosteric interactions characteristic of native sodium channels. The effect of TTX
deserves mention since its effects on LqTx binding in synaptosomes were previously
interpreted as a consequence of block of the loss of synaptosomal K+ and the resulting
synaptosomal depolarization due to LqTx (Ray et al, 1978). This cannot be the
explanation for our results in reconstituted vesicles since exit of intravesicular Na+ ions
will serve to hyperpolarize the vesicles and increase LqTx binding. The effect of 1TX to
increase LqTx binding most likely represents an allosteric effect of toxin binding rather
than an indirect effect of blocking ion conductance by the sodium channel.

Differential binding and photolabeling of ANB-LqTx and MAB-LqTx. Two
differences in the mechanisms of action of ANB-LqTx and MAB-LqTx were observed in
these studies. Binding of MAB-LqTx is modulated by neurotoxins like the binding of
native LqTx, while binding of ANB-LqTx is not; and MAB-LqTx labels only the a
subunit of the sodium channel in synaptosomes, while ANB-LqTx specifically labels 260
kDa and 37 kDa polypeptides in synaptosomes. The different results obtained with these
two different derivatives of LqTx may be the consequence of the difference in charge
between the reaction products formed by ANB-LqTx and MAB-LqTx. While the
positive charge of the derivatized amino groups of the toxin is eliminated by formation of
an amide bond in ANB-LqTx, this charge is conserved at physiological pH as an imidine
in MAB-Lqtx. The differences in allosteric modulation and in photolabeling patterns in
synaptosomes suggest that the change in charge of the toxin derivative modifies some
aspects of the conformation of its complex with the sodium channel, thereby altering its
allosteric interactions within the a subunit and allowing photoreaction with the nearby P 1
subunit under some conditions.

Photolabeling of a discrete region of the a-ýr'bunit by ANB-LqTx and MAB-
LqTx. Although the ANB and MAB derivatives of LqTx differ in their allosteric
interactions with other sodium channel ligands and in labeling of different sodium
channel subuniits, both MAB- and ANB-LqTx seem to label the same region within ot
subunit. Proteolytic digestion of the a subunit photolabeled with either derivative, under
conditions where LqTx itself is not cleaved, yields a single major proteolytic product of
60 to 70 kDa with both S. aureus V8 protease and chymotrypsin. These results indicate
that both derivatives are attached in a similar region of the sodium channel at subunit and
that the incorporated photolabel is not broadly distributed throughout the protein. Since
the labeling of the a subunit seems to be restricted to a discrete region of its structure,
this photoaffinity labeling approach may be valuable in localizing neurotoxin receptor
site 3 within the amino acid sequence of the a subunit and, in this way, establishing the
structure-function relationships in an extracellular region of sodium channels in which
bound neurotoxins can modify channel inactivation.
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IL. Site of Covalent Labeling of the Scorpion Toxin Receptor Site on the Sodium

Channel X Subunit

INTRODUCTION

Since photoreactive LqTx derivatives label a discrete domain within the sodium
channel a subunit subunit; determination of the site of covalent labeling will identify a
region of the sodium channel located in or near the LqTx receptor site. We have
developed a novel approach using sited-directed antibodies to identify the site of covalent
attachment of LqTx.

EXPERIMENTAL PROCEDURES

Photoafflnity labeling of sodium channel. Purified and reconstituted sodium
channels (200 W1 of 25 tiM) were desalted by rapid gel filtration on 2 ml Sephadex G-50
columns equilibrated with 10 mM Hepes-Tris, pH 7.4, isotonic sucrose and 4 ng/mil BSA
(Darbon et al, 1983). The desaltlY6vesicles were diluted with one volume of the same
buffer containing 20 nM ANB. .lh-ULiTx, 2 paM batrachotoxin, and 1 pM TIX. The
solution was in.cubated at 37oC for 10 mitt and it'radiated at 00 C for 10 nin using a dual
Sylvania blacklite blue fluorescent lamp (XM 356 nm, 15 w per bulb) which was
placed at 5 cm from the sample. One ftM l1TA was present in some samples in order to
determine nonspecific photolabeling.

Isolation of photolabeled sodium channels. One nil of p hotolabeled
reconstituted sodium channel was solubilized by incubation at 41C for 20 min in 25 mM
sodium phosphate, pH 7.5, 100 mM NaCl, 5 mM EDTA, and 1.5% Triton X-100
Coftt•jnlng 1 pii/rn! PSF, 1 ,pMp ps•atin A, -- 0.5 mM .odoctahide as prLotease----I -'V _ ..s ..t%, and 0, %As "W' ... ^ .a
inhibitors, 250 pl of 10% (w/v) WGA-Sepharose were then added and the sample was
mixed by rotation at 4VC for 30 min. The pellet was first extensively washed at 40 C with
Buffer 3 (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA) containing 0.5%
"Triton X-100 and 4 mg/ml BSA, and then twice with the same solution without BSA.
The proteins bound to WGA-Sepharose were eluted by washing three times for 5 ain
each at 0°C with 250 p.l of 0,2 M N-acetylglucosamine, 0. 1% Triton X-100 in Buffer S.
This solution was stored at -800 C and used within two weeks for proteolysis
experiments.

Immunoprecipitation of ph. -olabeled sodium channel. Affinity-purified
antibodies were incubated with photolabeled sodium channel preparations, or fragments
prepared from them, cvemight at 00C in Buffer S containing 1% Triton X-100 and I
ing/tnl BSA. One nig of Protein A-Sepharose per g.l of serum was added from a 10%
suspension prepared in ihe same solution, The samples were mnixed by rotation at 40 C
for 30 mran. Supematants were removed and the pellets were washed twice with 10
volumes of Buffer S containing 4 mg&/ml BSA and once with 5 volumes of the same
solution without BSA. The proteins were finally solubilized from the pellet with
NaDodS0 4 -PAGE loading solution by incubation at 1000 C for 2 min, and the samples
were analyzed by NaDodS0 4 -PAGE and autoradiography.

Electrophoresis methods. Three gel electrophoresis systems have been used.
System A was a standard NaDodS0 4 -PAGE method with 9% polyacrylamide gels
(Maizel, 197 1). System B consisted of a 5-20% linear gradient polyacrylamide gel
prepared with a 30:0.8 "'atio of acrylamide to N,N'-methylene-bis-acrylamide (Maizel,
1971). System C was a modification of the method of Kyte and Rodh'iguez (Kyte &

9



Rodriguez, 1983) with a 3.5% polyacrylaimide stacking gel and a 10% polyacrylamide
separation gel. A good resolution of peptides ranging from 2 to 45 kDa is obtained with

ystem C.

RESULTS AND DISCUSSION

Isolation of a 48 kDa glycoproten fragment of the ox subunit containiie"
covalently attached LqTx. Purified rat brain sodium channels were reconstituted in
PC/PE vesicles under conditions (Feller et al, 1985) which give efficient recovery of high
affinity binding of the ot-scorpion toxin (toxin V, Rochat et al, 1979) from Ledurus
quinquestriatus (LqTx). l4Vx binding to sodium channels reconstituted in vesicles
under these conditions is modulated by membrane potential and by allosteric interactions
with neurotoxins binding at sites 1 and 2 as for sodium channels in intact membranes
(Messner et al, 1986; Tejedor & Catterall, 1988). The a subunits of the sodium channels
in these reconstimtpd vesicles were specifically labeled with a photoreactive derivative
of LqTx (ANB- hI.LqTx) (Fig. 7A, lanes I and 2) and isolated by affinity
chromatography on WGA-Sepharose. This one-step purification yields a single labeled
protein of approximately 300 kDa (Fig, 7B, lane 1) that was identified as the disulfide-
linked complex of the ct and 12 subunits of the sodium channel by inmmunoprecipitation
with speitfic anti-ot and anti-d2 antibodies (Messner et al, 1986; Tejedor & Catterall,
1988).

In preliminary experiments, proteases were screened to find experimental
conditions under which the a subunit could be cleaved while the LqTx label remained
intact. Chymotrypsin, S. auretus protease V8, elastase, TPCK-trypsin, and thernolysin all
cleave the a subunit without cleaving LqITx when disulflide bonds are not reduced,
probably because LqTx has a compact, highly disulfide-bonded structure (Rochat et al,
1979; Fontecilla-Camps et al, 1982). Proteolysis of the photolabeled a[x2 complex under
nonreducing conditions with these four proteases yields a single major labeled fragment
of 55 to 72 kDa in each case (Fig. 7B). Since these proteases cleave at different amino
acid residues, these results suggest that most of the covalently attached LqTx is located
within a structurally compact, relatively protease-resistant domain of approximately 55 to
72 kDa within the ox subunit. This region is rich in N-linked carbohydrate chains since
digestion of the 72 kDa photolabeled fragment produced by protease V8 with
neuraminidase yields a desialylated polypeptide of 55 kDa (Figure 7C). Since the
molecular mass of LqTx is 6.7 kDa, these results imply that the molecular mass of the
desialylated glycoprotein produced by treatment with protease V8 and neuraminidase is
approximately 48 kDa.

Covalent attachment of ax-scorpion toxin to a site in domain I of the a subunit.
Since photoactivable derivatives of LqTx covalently label only 2 to 5% of the a subunits
to which they are specifically bound (R. Sharkey and W.A. Cattcrall, unpublished
results), isolation of a sufficient quantity of labeled peptide fragments for determination
of their amino acid sequence is difficult. Therefore, we have used a battery of antibodies
directed against synthetic peptides whose amino acid sequences correspond to defined
segments (Fig. 8A) of the a subunit of rat brain sodium channel RII (Noda et al, 1986) to
identify the site of covalent attachment. Ihimunoprecipitation with antibodies that
recognize o: subunit segments ranging from the N-terminal to the C-terminal (Fig. 8A)
showed that only anti-SP 3 1-7 "3 1.5 (not shown) and anti-SP 38 2- 40 0 (Fig. 9, lane 2), which
recognize a proposed ext'acellular segment in domain i. ummunoprecipitated the
photolabeled 72 kDa glycopeptide produced by proteolyis with VS protease.
Immunoprecipitation by both antibodies was blocked by prior incubation with the
corresponding peptide, demonstrating its specificity (Fig. 9, lane 3). This experiment

10



approximately localizes the labeled region within the first of the four homologous
domains of the ax subunit (Noda et al, 1986), since antibodies directed against SP3 1 -47,
located in the N-terminal proposed intracellular segment, and SP 4 2 -7-, located
immediately on the C-terminal side of the transmembrane segment 1S6,did not
immunoprecipitate the photolabeled 72 kDa V8 glycopeptide fragment.

In order to locate the photolabeled region more precisely, we carried out partial
proteolytic digestions followed by immunoprecipitation with anti-SP3 17 -315, anti-
SP382-.40.. or anti-SP 4 27 -4 5 , which bind within the C-terminal region ofdomain I. As
shown in rig. 10A, all dtree antibodies are able to recognize 105 kDa and 82 kDa
photolabeled fragments produced by protease V8, but anti-SP.4 2 failed to recognize
the final 72 kDa glycopeptide in agreement with the results of Fig. 9. This experiment
shows that the final cleavage by V8 protease, which is highly specific for cleavage at glu
or asp residues, eliminates the immunoreactivity of the photolabeled fragment toward
anti-SP 4 2 7 -445. There are no glu or asp residues between glu 4 29 , which is in SP4 2 7
445, and gu138 7 , which must remain in the photolabeled fragment since it is recognized
by anti-SP 3 8 2-400 (Fig. 8B). Therefore, this final cleavage by V8 protease must take
place at one of the six glu residues within peptide SP4 27-445, and the C-terminal of the
48 kDa glycopeptide segment must be located between glu4 29 and glu443. The size of
this fragment (48 kDa) indicates that it may contain as many as 420 amino acids,
depending upon the contribution of the desialylated core of the N-linked carbohydrate
chains to its apparent size. Thus, this fragment contains most or all of homologous
domain I, which includes residues 125 to 427.

The experiment illustrated in Fig. lOB eliminates an additional segment at the C-
terminal end of domain I. The purified photolabeled ox132 complex was desialylated by
treatment with neuraminidase and cleaved with 1, 10, or 100 Rg/nl of TPCK-trypsin.
The highest concentration of trypsin produced two photolabeled cleavage products of 46
kDa and 37 kDa, corresponding to desialylated ct subunit glycopeptide masses of 39 kDa
and 30 kDa. Anti-SP 3 17-335, anti-SP 3 82 -4 and anti-SP 4 2 7 -,t4 all precipitated the
39 kDa desialoglycopeptide, but neither anti-P 3 82 4 mO nor anti-SP 4 2 7 .445
immunoprecipitated the 30 kDa d&'sialoglycopept'deSince TPCK-trypsin is highly
specific for cleavage at lys and arg residues, the last cleavage which removes the
immunoreactivity toward anti-SP 387. 0 must take place at lys 3 ;, arg3 5 8 or arg3 7g,
the only lys or arg residues between 317-335 and SP38 2 -400 (Fig. 8B. "The size of'
this ;mall fragment (30 kDa) indicates hat it may contain up to 260 amino acids,
depending upon the contribution of the desialylated core of the N-linked carbohydrate
chains to its apparent mass. Therefore, the C-terminal of this 30 kDa fragment is located
between residues 355 and 378, and its N-terminal may extend as far as residue 95. This
region of domain I contains transmembrane segments S1, S2, S3, S4, S5, the hydrophilic
segments connecting them, and approximately half of the proposed extracellular segment
between transmembrane segments $5 and S6.

Identification of a 14 kDa peptide fragment of the a subunit that is covalently
i:,?Mwled by LqTx. In order to generate smaller fragments of the e subunit which contain
covalently attached LqTx, we digested labeled a e subunits with trypsin to produce
fragments of approximately 70 kDa (Fig. 7B, lane 5) and then cleaved these polypeptides
at methionine residues with CNBr. This approach permitted us to work with denatured
and reduced sodium channel preparations without cleaving LqTx, since there are no met
residues in LqTx V (Rocha net al, 1979). After CNBr digestion, most of the radioactivity
is recovered in a peptide whose size is similar to LqTx. Lower intensity photolabcled
protein bands of 50 kDa and 21 kDa are also observed. These larger peptides are
specifically immunoprecipitaed by anti-SP 3 17 3 3 5 and anti-SP 3 8 22 4 (Fig. 1arA), batr

not by anti-SP 4 2 7. 4 4 5 (not shown). When the same peptide fragments were prepared
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from photolabeled at subunits that had been incubated with neuraminidase, the 50 kDa
fragment was reduced t.o 43 kDa while the size of the 21 kDa nhotolabeled fra,"ment was
unaffected (Fig. 11 B). The labeled peptide band of 21 kDa corresponds to a 14 kDa
sodium channel fragment wiothut the covalently attached LqTx. Since the apparent size
of this fragment is not affected by neuraminidase treatment, it is unlikely to contain
complex N-linked carbohy&date chains. If it is unglycosylated, its length would be
approximately 120 amino acids.

In contrast to the 50 and 21 kDa CNBr digestion products, none of the available
antibodies specifically recognized the small fragment similar in size to free LqTx. This
small fragment might represent free LqTx released from covalent attachment to tl's at
subunit by the CNBr treatment or LqTx covalently attached to a fragment of less than 20
amino acids that is not recognized by any of the available amtibodies.

Location of the site of covalent attachment of LqTx. Our results sharply restrict
the possible locations of the site of covalent attachment of LIqTx, but do not yet precisely
determine the amino acid residues involved. Analysis of cleavage products from limited
proteolytic digestions with V8 protease restrict the C-terminal end of the labeled peptide
to residue 427 (Figure 10A). Similar experiments with trypsin restrict it further to
residue 379 (Figure 10B). These results place the C-terminal limit for the location of the
site of covalent attachment of LqTx at arg3 79. The major site of LqTx attachment must
be located toward the N-terminal from this site since most of the .LqTx label is
immunoprecipitated in a single fragment (Fig. 7) that is recognized by our antibodies
(Figs. 9 and 10).

The N-terminal limit for the location of the site of covalent attachment of LqTx is
established by analysis of the properties of the CNBr peptide of 14 kDa with covalently
attached LqTx. Inspection of the amino acid sequence of the or subunit (Fig. 8B) shows
that the C-terminal of this CNBr peptide must be at met4 0 2 or met4 2 - since these are the
only two met residues between peptides SP _2A40 and S'427_ shere the N-terminal
of this fragment must be located (Fig. 11). Considering the size fthis peptide, its N-
terminal could conceivably be located at met 3 13 , met2 7f or met 2 5 2. The minimum
mass of the polypeptide portion of this fragment is 102 kDa, the mass contributed by
amino acid residues 313 to 402.

Consideration of the contribution of N-linked glycosylation to the size of the
pcptide fragments we have characterized allows a clear choice among these three
possible N-termini. The V8 fragment containing most of domain I is reduced in apparent
size from 72 kDa to 55 kDa by treatment with neuraminidase (Fig. 7C). Approximately
half of the mass of N-linked carbohydrate of the total a subunit is accounted for by sialic
acid, as measured by direct chemical analysis or by treatment with glycosidases and
NaDodS0 4 -PAGE analysis (Grishin et al, 1984; Elmer et al, 1985; Schmidt & Catterall,
1987). Thus, as much as 34 kDa of N-linked carbohydrate may be attached to
glycosylation sites in domain I. There are 7 possible sites of attachment: asn2 12 , asn 2 8 5 ,
asn 2 9 .1, asn2 9 7 , asn 303 , asn30 8 , and asn? 40f. Five of these lie between met27 0 and
met 3 1". Since the typical mass of an N-finked carbohydrate chain is 3 to 4 Boa, it is
likely that most, if not all, of these possible glycosylation sites contain N-linked
carbohydrate chains. If the 14 kDa fragment to which LqTx is covalently attached
included the peptide segment from residues 270 to 313 which contains five sites of
glycosylation it would have a peptide mass of 15 kDa plus 17 to 34 kDa of N-linked
carbohydrate. Since this fragment is only 14 kDa ,nd contains no sialic acid, we
conclude that its N-tei minal end is likely to be located at met,3,1 With this N-terninal,
the size of the 14 kDa fragment can be accounted for in either of two ways. If the C-
terminal is at met 4 2 6 , the protein mass of the predicted polypeptide is 13 kDa in close
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agreement with the experimental observations without consideration of possible
glycosylation. If the C-terninal is at met4 0%, the protein mass of 10.2 kDa plus the
expected size of an N-linked carbohydrate chain at asn3 40 would give approximately 14
kDa. In either case, the C-terminal limit for the location of the site of covalent
attachment of LqTx would be at met 3 13.

LqTx derivatives prepared by reaction at amino groups consist of a mixture )f
isomers substituted on lys residues 58 or 60 (Darbon et al, 1983), which are located on
the periphery of the array of highly conserved amino acid residues that is thought ta
define the active site for binding to the sodium channel (Rochat et al, 1979; Fonteci'la-
Camps et al, 1982; El Ayeb et al, 1986). The corresponding lys residues of some a-
scorpioa toxins are essential for toxicity (Rochat et al, 1979). We expect, therefore, that
the site of covalent attachment of LqTx to the sodium channel is close to the active site
for toxin binding. Neither anti-SP 3 17-3 nor anti-SP 382 _400 block LqTx binding
(unpublished results), indicating that neither of these peptide segments is an essential part
of the toxin receptor site on the a subunit. Therefore, it seems most likely that the site of
covalent attachment of LqTx derivatives and at least a portion of the site of toxin binding
are located between amino acid residues 335 and 378. Since high affinity LqTx binding
activity requires the native conformation of the sodium channel (Tamkun et al, 1984;
Feller et al, 1985). it is likely that multiple polypeptide segments from different regions
of the ca subunit, nitribute to formatio, of the active receptor site in its native
conformation. Further an 'y'/sis of the interactions between LqTx and sodium channel
segments in the extrace.l -iar region of domain I using synthetic peptides and anti-peptide
antibodies my provide a more complete understanding of the multiple polypeptide
segments of the sodium channel which form the receptor site for LqTx.

Transwyenbrane topology of the ubini it. The a-scorpion toxins modify
sodium c;oannee properties from the c ..;llular surface of the channel (Catterall, 1980;
Meves r.t al, 1986; Strichartz et al, V Therefore, our results provide _-.ect evidence
that at least a portion of the segmer ..e ti subunit located between ai:,.. ,o acid
residues 335 and 378 is extracellu' v 'lustrated in Figure 8. We have previously
shown that the long hydrophi- ,egmca•. -tween domains I and 1I contains at least four
sites of in vivo phosphoiylatioi. ,y 'z!, dependent protein kinase (Rossie et al, 1987),
defining this segment as inir- '" "onsidered together, these two lines of evidence
confirm the presence of at s. is.membrane segment, IS6, between the
intracellular phospho. . .-. the site of covalent attachment of LqTx. These
results are also compati!•le witf -the location of three transmembrane segments between
these two sites as suggested in two alternative models for the t.ansmembrane folding of
the a subunit (Guy & Seetharamulu, 1986; Greenblatt et al, 1985). Additional direct
experimental information is required to define the transmernbrane folding pattern within
the homologous domains of the sodium channel a subunit more completely.

I1. Identification of an Intracellular Peptide Segment Involved in Sodium
Channel Inactivation

7tibodies against conserved segments. Antibodies against a peptide (SP19)
correspondi'g to a highly conserved, predicted intracellular region of the sodium channel
oc subunit bind rat brain sodium channels with n .uilar affinity as the peptide antigen,
indicating that the corresponding segment of f subunit is fully accessible in the intact
channel structure. These antibodies recogni2 l. ium channel a subunits from rat or eel
brain, rat skeletal muscle, rat heart, eel electroplax and locust nervous system Alpha
subunits from all these tissues except rat skeletal muscle are ,-lDstrates for
phosphorylation by cAMP-dependent protein kinase. Disulfide-linkage of at and P2
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subunits was observed for both the RI and RII subtypes of rat brain sodium channels and
for sodium channels from ý,-el brain, but not for sodt:mn channels from rat heart, eel
electroplax, or locust nerve cord. Treatment with neuraminidase reduced the apparent Mr
of sodium channel a subunits from rat and eel brain and eel electroplax by 22,000 to
58,000, those from heart by 8,000, and those from locust nerve cord by less than 4,000.
Our results provide the first identification of soaium channel a subunits from rat heart
and locus- brain and nerve cord and show that sodium channel a subunits are expressed
with different subunit associations and posttranslationol modifications in different
excitable tissues.

Studies with site-directed antibodies which specifically recognize the R, and RII
sodium channel subtypes show that they are the primary sodium channel subtypes
expressed in spinal cord and brain, respectively, but are not measurably expressed in
skeletal muscle, heart, and several sites in the peripheral nervous system (Gordon et al,
1987). In order to study the conserved features of sodium channels in a wide range of
excitable tissues, we have developed site-directed antibodies against highly conserved
segments of the c, subunits.

Modulation of inactivation by antibodies. Voltage-sensitive sodium channels
mediate the rapid increase in Na+ permeability during the rising phase of the action
potential in many excitable cells (Hille, 1984). Their ion conductance is regulated on the
millisecond time scale by two experimentally separable processes: voltage dependent
activation, which controls the rate and voltage dependence of the Na+ conductance
increase upon membrane depolarization, and inactivation, which mediates the Na+
conductance decrease during a maintained depolarization (Hille, 1984). Messenger RNA
encoding the cc subunit is sufficient to direct the synthesis of functional Na+ channels in
Xenopus oocytes (Go!din et al, 1986; Noda et al, 1986b), although their inactivation is
slower than native NaT channels (Auld et al, 1988). The primary structures of Na+
channel (% subunits from rat brain and eel electroplax have been inferred from the
nucleotide sequence of cDNA clones (Noda et al, 1984; Noda et al, 1986). Na+ channel
oa subunits consist of four homologous transmembrane domains that have approximately
50% amino acid sequence identity (Fig. 12A) (Noda et al, 1984; Noda et al, 1986).
These are connected by hydrophilic segments that are predicted to be intracenlularly
oriented (Fig. 12A). Electrophysiological studies have shown that intracellular
application of proteases and amino acid-specific reagents causes removal of Na+ channel
inactivation (Armstrong et al, 1973; Eaton et al, 1978; Oxford et al, 1978; Patlak & Horn,
1982). These results indicate that regions of the Na+ channel structure that are required
for inactivation are located on the intracellular surface of the channel protein and are
accessible to macromolecular reagents.

To identify functionally important regions on the intracellular surface of the Na+
channel, we studied the functional effects of antibodies (Gordon et al, 1987; Gordon et al,
in press; Merrick & Catterall, unpublished results) against synthetic peptides (SPI, SPI 1,
SP19, and SP20) with amino acid sequences that correspond to both conserved and
variable sequences (Table 1) of the intracellular segments between the four homologous+
domains of Type II rat brain Na channel (R11 , Noda et al, 1984; Noda et al, 1986) (Fig.
IA). These antibodies recognize the Na+ channel purified from rat brain in native form,
and their affinity for the native protein is comparable to their affinity fof the peptide used
as antigen (Gordon et al, 1987; Gordon et al, in press; Merrick & Catterall, unpublished
results). The functional effects of these antibodies, which were affinity-purified by
adsorbtion to immobilized Na+ channel at subunits (Wollner & Catterall, 1986), were
analyzed by recording Na+ currents of rat muscle cells in the whole-cell voltage clamp
configuration (Hamill et a], 1981; Gonoi et al, 1985). Rat skeletal muscle cells were
dissociated from 20 day embryos, maintained in vitro for 4 days to allow fusion into
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multinucleated myotubes, treated with colchicine to obtain round "myoballs", and studied
after a total of 8 to 18 days in cell culture (Gonoi et al, 1985). The large size and
spherical cell shape of the myoballs allowed us to obtain adequate voltage-clamp control
and to perfuse antibody-containing solutions inside the cell under stable recording
conditions.

Control experiments in the absence of antibodies (Fig. 12B, traces b and f) show
no substantial changes in the kinetics of Na+ zurrents in experiments that lasted as long
as 180 min. However, when affinity-purified antibody to SPI9 (AbSp19) was present in
the pipet solution, a gradual slowing of Na+ channel inactivation was observed over a
period of several minutes as the antibody diffused into the cell (Fig. 12B, a and e).+
Intracellular application of antibodies to SPI, SPI 1, and SP20 had no effect on Na*
currents under identical conditions (Fig. 12B, traces c, d, and g), suggesting that the
effects of AbspI were caused by direct interaction with the SP19 segment of the Na+
channel x subunit.

The specifi ity of the antibody-induced modification of Na+ currents was tested
further by using the SP19 peptide to block the immunoreactivity of AbSP19 (Fig. 13A).
Affinity-purified antibodies to SP19 induced a significant slowing of the declining phase
of Na+ currents in about 20 rain. At a test potential of -20 mV, the time constant for Na+
channel inactivation increased from 2.3 to 4.4 msec (Fig. 13A, panel a). Under the same
conditions, no time-dependent changes in Na+ currents were found in control
experiments in absence of antibody (Fig. 13A, panel b). After pretreatment of the
affinity-purified Absplq with the corresponding peptide (Gordon et al, 1987; Gordon et
al, in press; Merrickg&-Catterall, unpublished results), a nearly complete block of the
effect of the antibody on Na+ channel inactivation was observed (Fig. 13A, panel c).
These experiments provide strong evidence that the effect of the AbqplQ on Na+ channel
inactivation result from its binding to the corresponding segment of thle Na+ channel 0x
subunit.

The effects of Abspp9 on Na+ channel function were quite specific. No
reproducible changes in N a current amplitude under the influence of AbSp 19 could be
detected. No substantial shifts in current-voltage relations due to the influence of
Ab.P 1P were observed (Fig. 13B). In some individual experiments, slight (2 to 4 mV)
shi s o? the voltage dependence of steady state Na+ channel inactivation toward more
negative membrane potentials weir observed. However, statistical analysis of pooled
data from five experiments did not reveal a significant shift of the inactivation curve in
the presence of Abs5 19 (Fig. 13C).

The effect of the test pulse potential used to elicit Na+ channel activation upon
the antibody-induced slowing of Na+ channel inactivation was examined. Figure 3
shows the effect of affinity-purified AbSp19 on Na+ currents recorded at four different
test potentials. At each potential, traces ta•en before and after the onset of the antibody
effect have been superimposed. For small depolarizations (for example, to -60 mV), no
change in the time course of the Na+ current occurs, as indicated by the coincidence of
the two current traces in Fig. 14D. Inactivation of Na+ currents recorded during test
pulses to potentials equal to or more positive than -50 mV is slowed after application of
antibody (Fig. 14C). For a test pulse to -30 mV, the time constant of N v+ current decay
is increased approximately two-fold, from 3.5 msec to 7.2 msec (Fig. 14B). During test
pulse potentials to +90 mV (Figure 14A), the antibody-induced slowing of the
inactivation is much more prominent than at negative test potentials. Such voltage-
dependent effects are observed on the first depolarization after a prolonged period of
inactivity, ruling out a dependence on stimulus frequency. The rising phase of the Na+
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current remained unaffected at all test potentials examined, indicating a high degree of
specificity of the antibody effect for the inactivation process.

Na+ channels bind a scorpion toxins and sea anemone toxins, which act at an
extracellular site and spccifically slow Na+ channel inactivation (Catterall, 1980;
Strichartz et all, 1985; Meves et al, 1985). The binding of these toxins is voltage-
dependent with higher affinity at more negative membrane potentials (Catterall, 1977;
Catterall, 1979). To assess the voltage dependence of binding of the AbsPI9, we have
examined the rate of modification of the Na+ current decay at two holding potentials, -70
mV and -110 mV. The slowing of the Na+ current decay occurs three times as fast at the
more negative membrane potential (Fig. 15). No changes in inactivation kinetics were
observed in control experiments. Evidently, the binding of SP19 antibodies to their site
of action on the Na+ channel is more rapid at negative holding potentials at which the
Na+ channels are not inactivated.

Our results indicate that Abspl 9 can provoke a substantial slowing of Na+
channel inactivation by binding to the corresponding amino acid sequence in the
proposed intracellular segment between homologous domains III and IV (Fig. 12A).
Because Abspl is active from inside the cell, these results confirm the assignmnent of
this segment of he a subunit to the intracellular side of the membrane. In addition, our
experiments provide direct evidence for a role of this intracellular peptide segment in
Na+ channel inactivation. A molecular model of Na+ channel function has been
proposed that also assign. an important role in inactivation to this peptide segment (Guy,
in press). Further experimental evidence is required before the mechanism by which this
peptide segment participates in channel inactivation can be defined.

The voltage dependence of the binding and action of Ab~p10 is of particular
interest. The more rapid action of the antibody at a holding potentia of -110 mV in
comparison with that at -70 mV may result from increased accessibility of the
corresponding segment of the a subunit to the antibody in the resting state of the channel
as compared to the inactivated state, since Na+ channels in rat muscle cells are 80%
inactivated over this voltage range (Fig. 13C). This suggests a direct participation of this
peptide segment in the protein conformational changes that lead to channel inactivation.
Similarly, the removal of Na+ channel inactivation by intracellular perfusion with
proteases is also more rapid at negative holding potentials (for example, -110 mV)
compared to more positive potentials (for example, -30 mV) (Salgado et al, 1985). The
site of action of proteases in removing Na+ channel inactivation may therefore be in or
near the SP19 segment of the a subunit. It is noteworthy that AbSp 19 slows inactivation,
but does not cause removal of inactivation as observed with proteases (Armstrong et al,
1973; Eaton et al, 1978; Oxford et al, 1978; Patlak & Horn, 1982). AbSp 1 9 remains
bound to Na+ channels for several minutes to hours as shown in biochemical experiments
(Gordon et al, 1987; Gordon et al, in press; Merrick & Catteral!, unpublished results).
Therefore, our findings are most consistent with the view that Absp 19 may.bind to the
corresponding peptide segment of the a subunit and impede its movement, in contrast to
the proteases, which damage the structure.

In contrast to the dependence of the binding of AbSp 19 on holding potential, the
dependence of the action of AbSp 19 on the test potential occurs too rapidly to be due to
voltage-dependent binding. It is more likely that the preferential slowing of Na+ current
decay at more positive membrane potentials reflects a specific action of the antibodies on
pathways of Na+ channel gating that are particularly important in determining Na+
current time course at more positive membrane potentials. For example, both single+
channel recording and gating current experiments suggest that the time course of Na"
current decay at more negative potentials is controlled primarily by a slow rate of channel
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entry to the activated state, while it is controlled by the inactivation process at more
positive potentials (Aldrich et at, 1.1" : Aldrich & Stevens, 1987; Armstrong &
Bezamlla, 1977; Bezanilla & ArmsLt ng, 1981). In any case, our results imply that there
are multiple conformational pathways between the resting and inactivated states, as
proposed in most recent models of Na+ channel gating (Aldrich et al, 1983; Aldrich &
Stevens, 1987; Armstrong & Bezanilla, 1977; BezaniUa & Armstrong, 1981; Vandenberg
& Horn, 1984; Gonoi & Hille, 1987), and suggest that Ab~p1 9 will be a valuable
experimental tool to probe the involvement of the corresponding intracellular segment of
the Na+ channel in these pathways.

All of the antibodies that have been tested on Na+ channels in rat muscle cells in
this study are directed against segments of the cc subunits of rat brain RI Na+ channels.
At present, the amino acid sequence of rat skeletal muscle Na+ channel a subunits is not
known, and it is uncertain whether the SPI, SPI 1, SPl9, and SP20 peptide segments are
identical for skeletal muscle Na+ channels. The amino acid sequences of the SPI9
segment of rat brain and eel electroplax Na+ channels are identical (Noda et al, 1984;
Noda et al, 1986b), and AbSpl9 recognizes Na+ channel cc subunits in skeletal muscle,
heart, electroplax, and insect nervous system (Gordon et al, 1987; Gordon et al, in press;
Merrick & Catterall, unpublished results), suggesting that the SP19 peptide segment is
highly conserved in a wide range of Na+ channel subtypes in different species.
Moreover, the exponential time course of Na+ current decay at -20 mV in the presence
and absence of AbSpl 9 suggests that the inactivation of both tetrodotoxin-sensifive and
tetrodotoxin-insensitive Na" channels, which function in parallel in cultured rat muscle
cells (Gonoi et al, 1985; Weiss & Horn, 1986; Ruppersberg et al, 1987), is slowed by
AbSplp. The strong conservation of the amino acid sequence and functional effects of
the SP19 peptide ame consistent with an important role in rapid Na+ channel inactivation,
which is a conserved function of most Nal channels. The peptide segments
corresponding to SPI, SPI 1 and SP20 are less well conserved and therefore may differ
significantly in the a subunit of the skeletal muscle Na+ channel.

In a previous study, it has been found that antibodies directed against a peptide
corresponding to a proposed transmembrane segment containing amino acid residues 210
to 223 of the sequence of eel electroplax Na+ channel increase the rate of activation and
inactivation of slow Na+ channels and shift the voltage dependence of inactivation of
both slow and fast Na+ channels when applied to the extracellular surface of dorsal r-oot
ganglion cells (Meiri et al, 1987). Those results indicate that the process of Na+ channel
inactivation can be modified from the extracellular surface of the molecule by antibodies
as well as by polypeptide neurotoxins from scorpions, sea anemones, coral and snail
(Catterall, 1980; Strichartz et al, 1985; Meves et al, 1985; Catterall, 1988). Additional
site-directed antibxxiy probes may allow more complete mapping of the Na+ channel
segments on both intracellular and extracellular surfaces that are involved in inactivation.
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Figure 1. Photoaffty labeling of the sodium channel in synaplosomes. A. Synaptosomes
were photolabeled with ANB- I-LqTx as described under Experimental Procedures in the absence
(lanes I and 2) or presence (lanes 3 and 4) of 400 nM native LqTx. Samples were an'tlyzed by SDS-
PAGE in 7-20% linear gradient polyacrylamide gels (Messner and Catterall, 1985) under non-reducing
(lanes 1 and 3) or reducing (lanes 2 and 4) conditions, and radiolabeled pjptein bands were visualized by
autoradiography. B. A similar experiment was carried out with MAB- JI-W.. x as described under
Experimental Procedures. C. Synaptosomes were photolabeled with MAB- --I-LqTx prepared using a
250-fold excess of MABI over amino residues in the coupling reaction in the absence (lane 1) or presence
(lane 2) of 400 nM LqTx.
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FIGURE 2
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Figure 2. Photoaffinity labeling of purified and reconstituted-todium channels. Purified
and reipstituted sodium channels were photoaffinity labeled with ANB- I2 I-LqTx (lanes I and 2) and
MAB- lhI-LqTx (lanes 3 and 4) in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of 400 nM
LqTx. The samples were analyzed by SDS-PAGE under reducing conditions as described in the legend
to Fig. 1.
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FIGURE 3
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Figure 3. Immunoprecipitation of photolabeled sodium channels with subtype.spec'fic

antibodies. A. Synaptosomes (75 ml of 1.67 mg/ml) were photoaffinity labeled with ANB-LqTx and
solubilized in Triton X- 100 as described under Experimental Procedures. Sodium channels were
incubated with 20 W of affinity-purified anti-SPI 1 (lane 1), affinity-purified anti-SPIl 1 that had been
blocked by incubation with excess SP1I1I peptide (lane 2), affinity-purified anti-SPI 1 rI antibodies (lanes
3), or affinity-purified anti-SPI liantibodies that had been blocked by incubation witih excess SPI III inl
Buffer S plus 1 mg/nm BSA at 4AC overnight. One mg of protein A-Sepharose per gil of serum was added
from a 10% (w/v) suspension prepared in the same solution. The samples were mixed by rotation at 40C
for 30 minm. Supernatants were removed and the pellets were washed twice with 10 volumes of Buffer S
containing 4 mg/mi BSA and once with 5 volumes of the same solution without BSA.
Inununoprecipitated proteins were finally removed fron the pellet by incubation with SDS-PAGE loading
solution at 1000C for 2 min, and the samples were analyzed by SDS-PAGE and autoradiography. B.
Purified and reconstituted sodium channels were photoaffinity labeled with ANB-LqTx and purified by
WGA-Sepharose chromatography. Samples containing 40 fmnol of the photolabeled sodium channel in 15
tl were immunoprecipitated with 20 Wal of anti-SPi1T antibodies (lane 1), anti-SPI 11 antibodies that had

been blocked by incubation with excess SP 111 peptide (lane 2), anti-SP 111 antibodies (lane 3), anti-
SP 11, antibodies that had been blocked by incubation with excess SPI 1 1, peptide (lane 4), anti-132
subunit-specific antibodies without reduction of disulfide bonds (lane 5), or anti-I2 subunit-specific
antibodies after reduction of disulfide bonds (lane 6) as described for panel A. The resulting
immunoprecipitates were solubilized and analyzed by SDS-PAGE and autoradiography.
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FIGURE 4
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Figure 4. Modulation of LqTx biff9 ng and photolabeling by neurotoxins acting at receptor
sites I and 2. A. Specific binding of 0.5 nM I-LqTx to purified wad reconstituted sodium channels
was measured as described under Experimental Procedures without fu'ther additions or in the presence of
1 gM TITX, 2 jiM BTX or both I jiM TTX and 2 IiM BTX. B. PtLrified and reconstituted sodium
channels were photolabeled with LqTx as described under Experimental Procedures without further
additions or in the presence of I liM TIX, 2 pM BTX, or both I }.iM TrX anjA;.t.M BTX. The samples
were analyzed by SDS-PAGE and autoradiography, and the incorporation of ihI-iLqTx into the cc
subunits was determined by gamma counting.
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FIGURE 5

A
2 3 4 5 1 2 3 4 6

wi

200 "-

92o- -A

"66w use$

4 5--,a

Figure 5. Effect of neurotoxins acting at receptor sites I and 2 on photolabeling of the
sgdium channel by LqTx. A. Purified and reconstituted sodium channels were photolabeled with AND-
"1'I-LqTx as described tinder Experimental Procedures without further additions (lane 1) or in the
presence of I ran. BTX (lane 2), 1 jiM ITX (lane3), I pM BTX plus 1 j.M TTX (lane 4), and 400 nM
LqTx (lane 5). The samples were analy~i by SDS-PAGE and autoradiography. B. A similar
experiment was carried out with .JAB- -I-Lq"'x.
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FIGURE 6
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Figure 6. Proteolysisofthepýj otolabeled -,subunit. A. Pirified and reconstituteJ sodium
channels were photolabeled with ANB- 1'--l-LqTx as described under Ex-perinental Procedures. Alpha
subunits (150 p1l of 25 nM) were incubated at 370 C for 20 min without further additions (lane 1), c; with
50 pggml ofS a$reugss V8 proteaose (lane 2), or 25 lAg/ml of chymotrypsin (lane 3). The samples were
analyzed by SDS-PAGE in 6-20% linear gradient polyjvrylamide gels. B. A similar experiment was
carried out with oc-subunits photolabeled with MAB- .'- I-LqTx.
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FIGURE 7
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Figure 7. Isolation of a glycosylated 48 kDa a subunit fragment containing covalenelyattachedLqTx. A, Twenty 41 of solution containing purified and reconstituted sodium channels werephotolabeled in the absence (lane 1) or presence (lane 2) of 1 giM LqTx and analyzed by NaDodS0 4 -PAGE using gel system B. Radiolabeled protein bands were visualized by autoradiography, B. Thirty p1of solution containing photoaffinity labeled sodium channel purified by WGA-Sepharose affinitychromatography were incubated at 370C for 20 mrin with no prowease treatment (lane 1), 30 ig/ml a.-chyrnotrypsin (lane 2), 150 jtg/ml S. aur•us protease V8 (lane 3), 5 jig/ml elastase (lane 4). 5 lightilTPCK-trypsin (lane 5), sid 50 jig/mil of thermolysin (lane 6) in a final volume of 100 p.1 of Buffer Scontaining 0.5% Triton X- 100. The reaction was stopped by addition of concentrated NaDodS0 4 -PAGEsample loading solution and immediate incubation at 1000 C for 2 rain. The samples were analyzed byNaDodS0 4-PAGE in gel system B. C. One hundred .tl samples containing photolabeled sodium channelsdigested by protease V8 (Fig. IB, lane 5) were mixed with 7 .tl of 10% NaDodS0 4 and incubated at100 0 C for 2 min. The concentration of Triton X-100 was increased to 1.5%. After incubation at 0°C for1 hr, samples were desalted by rapid gel filtration using Sephadex G-50 columns equilibrated in Buffer Scontaining 0.5% Triton X-100 and 0. 1 mg/ml BSA. The samples were finally incubated at 00 C for 1 hr inthe piesence (lane 1) or absence (lane 2) of 0.5 units of neuraminidase. Samples were analyzed byNaDodSO0-PAGE in gel system A and the photolabeled protein bands were visualized by
autoradiography.
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FIGURE 8
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Figure 8. Structure of the ot subunit of the R1, sodium channel A. Transmembrane
folding model of the a subunit of the rat brain sodium channel (6) showing the approximate location of
the segments of the amino acid sequence (1, SP 3 1 -4 7 ; 2, SP 3 17 - 335 ; 3, SP 38 2 .4 00; 4, SP 4 27 .44 5 ; 5,
SP 6 7 6.69 0; 6, SP 1 1 6  725, , SP 1 43p- 1448, ,S 1 729-1748; 9, SP19 8 .. 2005) that were used to
raise anupeptide antibodies and sites o in vivo phosphorylation by cAMP-dependent protein kinase (38).
B. Detail of the primary structure of the region surrounding the site of covalent attachment of LqTx.
Filled boxes underline potential N-linked glycosylation sites; bold lines underline sites of binding of three
anti-peptide antibodies; open box encloses the proposed transmembrane segment S6. -
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FIGURE 9
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Figure 9. Immunoprecipitation of proteolytic fragments of photolabeled otP2 with
sequence-specific antibodies. Samples (150 igtl) of photolabeled ota2 were cleaved with protease V8 as
described in Fig. IC and incubated overnight at 40C with 15 t1 of different sequence-specific antibodies.
The numbers under each lane correspond to the amino (NH-') and carboxyl (C0 2 ") termini of the a
subunit segment against which the antibody was raised. Immunoprecipitation was carried out as
described under Experimental Procedures, the samples were analyzed by NaDodSO4 -PAGE in gel system
A, and radiolabeled protein bands were visualized by autoradiography. In the samples in lanes 3 and 5, 5
nmol of the corresponding peptide were added together with the antibody to block specific
immunoprecipitation.
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FIGURE 1OA

A
123 4 56 789 101112

-82
•.�. -472

Figure 10. Immunoprecipitation of partial prokeolyfic fragments of photolabeled c432 with/
sequence-specific antibodies. A. Samples (100 Al) of photolabeled a132 (Fig. IB, lane 1) in Buffer S
containing 0.1% Triton X-100 were incubated at 370 C for 25 nin in the presence of 7.5 ggtmI (lanes 1, 4,
7, and 10), 32 pg/mI (lanes 2, 5, 8, and 11), and 150 p~g/ml (lanes 3, 6, 9, and 12) of S. aureus V8
protease. After stopping the digestion and desalting as in Fig. IC, the samples were analyzed by
NaDodS0 4 -PAGE in the gel system B (lanes 1-3) or inmmunoprecipitated with 15 pI of sequence-specific
antibodies and analyzed by NaDodS0-PAGE: lanes 4-6, anti-SP 3 17.335; lanes 7-9, anti-SP 3 j2_4 00;
lanes 10-12, anti-SP4 ,7 , 4 ,Photolabled protein bands were vis-ualize-d by autoradiography. U.
Samples (125 pl) of p•ct•oaleled oc32 were incubated at 00 C for 2.5 hr with 0.5 units of neuraminidase
and then for 25 rain at 37 0 C with 1 pg/ml (lanes 1, 4, 7, and 10), 10 pg/ml klanes 2, 5, 8, and 11), and 100
gg/ml (lanes 3, 6, 9, and 12) of TPCK-trypsin. After stopping the digestion and dcsalting as in Fig. IC,
the samples were analyzed by immunoprecipitation and NaDodSO4 -PAGE as in panel A.
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FIGURE 11
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Figure 11. Immunoprecipitation of CNBr fragments of photolabeled ca2 with sequence-
specific antibodies. A. Samples (300 gl) of photolabeled caP2 in Buffer S containing 0.1% Triton X- 100
were incubated at 370 C for 25 min in the presence of 10 pg/mI of TPCK-trypsin. The reaction was
stopped by addition of NaDodS0 4 and 2-mercaptoethanol to final concentr'ations of 0.7% and 10 mM
respectively, the reaction medium was incubated at 1000 C for 2 win, iodoacetamide was added to a final
concentration of 15 mM, and the samples were incubated for an additional hour at room temperature and
finally desalted by rapid gel filtration on Sephadex G-25 columns equilibrated in 0.2% NaDodS0 4 . The
material obtained in this way was digested at room temperature for 20 hr with 1% CNBr in 70% formic
acid. At the end of the digestion, the solution was evaporated to dryness under vacuum, and the residual
solid was resuspended in 300 W.l of 0.1 M ammonium acetate, pH 8.5, 0.1 M P-mcrcaptoethanol and
lyophilized. The final solid was redissolved in 160 pl of 75 mM sodium phosphate, pH 7.5. 25 gl aliquots
were imniunoprecipitated with 15 p1 of sequence-specific antibodies and analyzed by SDS-PAGE in gel
system C: lane 1, anti-SP- 7 _-3 35 ; lane 2, anti-SP 3• ,1.5 previously blocked with peptide; lane 3, anti-
SP3 8a -; lane 4, anti-S2P' 8 -2 -.-oo previously blocked with peptide. Photolabeled protein bands were
visuallz&•by autoradiograp'ny. V. A similar experiment was carried out with 300 W.1 of photolabeled 0cP2
which was desialylated by incubation with 1.5 units neuraminidase at 0°C for 2 hr prior to digestion with
trypsin. These samples were then processed as described for panel A.
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FIGURE 12
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Figure 12. Function4l effects of antibodies against segments of the proposed intracellular
domains of the Na+ channel a subunit. (A) Schematic representation of the primary structure of Na+
channel a subunit with designated peptide segments that are recognized by the four site-directed
antibodies: SPI, SPI 1, SP20, and SPI9. (B) Na+ currents during intracellular exposure to different
sequence-directed antibodies. Na+ currents were elicited from a holding potential of -70 mV or -110 mV
by a 100-ms hyperpolarizing prepulse to -160 mV followed by a 9 ms test pulse to -5 mV. In each panel, J
two or three sequential Na+ current traces are presented at increasing times of exposure to the antibody
solution in the recording pipet: a, anti-SPI9 for 6 (trace 1), 12 (trace 2), and 23 (trace 3) min at -110 mV;
b, control for 7 and 31 min at -I 10 mV; c, anti-SPi 1 for 4 and 26 min at -110 mV; d, anti-SPI for 8 and
41 min at -110 mV; e, anti-SP19 for 8 (trace 1), 25 (trace 2), and 61 (trace 3) min at -70 mV; f, contiol
for 8 and 68 rain at -70 mV, and g, anti-SP20 for 7 and 60 min at -70 mV. Na+ current traces were
normalized to allow direct comparison of time courses.
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Figure 13. Specificity of the effects of antibodies to SP19 on Na+ currents. (A) Whole cell
Na+ currents were recorded at the time intervals indicated below after breaking into the cell in intrapipet
solutions containing no additions, Abpp or AbSPl9 that had been incubated with SP19 peptide (1
nmol/I antibody solution) for 30 min-atu 0 °C before addition to the recording pipette (7): a, anti-SP19
antibodies for 5 (trace 1) or 24 (trace 2) nin; b, control solution for 5 and 33 rain; and c, anti-SP19
antibodies previously incubated with SPl9 peptide for 6 or 28 min. Cells were maintained at a holding
potential of -110 mV, hyperrolarized to -140 mV for 100 msec, and then stimulated by a 16-msec test
pulse to -20 mV to elicit Na currents. (B) Current-voltage relations of Na+ currents in the presence of
affinity-purified AbsP/ 9 in the recording pipet. Whole cell Na+ currents were measured after 7 ( ) and
57 ( ) min after breaking the cell membrane in the presence of anti-SPI9 antibodies in the intrapipet
solution. Cells were maintained at a holding potential of -70 mV, hyperpolarized to -120 mV for 40
msec, and depolarized to the indicated membrane potentials for 16 msec to elicit Na+ currents. Peak
Na+ currents are plotted versus the test pulse potential. (C) Mean Na+ current inactivation curves in the
presence of AbSP19. Whole-cell Nar currents were measured for five cells at 3 to 8 nin ( ) or 25 to 53
min ( ) after breaking the cell membrane in the presence of Ab•pl0 in the intrapipet solution. Cells
were maintained at a holding potential of -70 mV, changed to the indicated prepulse potentials for 100
msec, and depolarized to -5 mV for 9 mnsec to elicit Na currents. Mean values ± SE from five
experiments are plotted as a function of the applied prepulse potential.
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FIGURE 14
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Figure 14. Voltage dependence of the effect of antibodies to SP19 on Na+ currents. Whole-
cell Na+ currents were recorded at 5 (trace 1) or 24 (trace 2) min after breaking the cell membrane in the
presence of AbSpl in the recording pipet. The cell was maintained at a holding potential of -110 mV,
hyperpolarized to -?40 mV for 100 msec, and depolarized to the indicated membrane potentials for 16
rnsec to elicit Na+ currents.
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FIGURE 15
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Figure 15. Voltage-dependence of the rate of action of AbsPl•. Whole-cell Na+ currentswere recorded at the indicated times after breaking the celmmrn1nth rsneo onrlitaicsolution ( ) at a holding potential of A110 mV, in the presence of Abs, p,1 in the recording pipet at aholding potential of - 110 mV (), or in the presence of anti-SP19 anti ~oes in the recording pipet at aholding potential of -70 mV !+). Cells were hyperpolarized to -160 mV for 100 msec and depolarized to I-5 mV for 9 msec to elicit Na+ currents. The rate of slown of inactivation by AbeD 9 was assessed bymeasuring the fraction of the Na+ current that had not inciated 2.4 msec after theM'binning of the testpulse as a function of the time, L, after breaking the cell membrane. This fraction,.f2 4,mwas calcuaefom each setof Na cur,.ent records and the fractional increase in Na + current at 2. sec, V2.-c4tVVet 41- 1, was plotted on the ordinate as a function of the time (t) ofY, exposre.. AbL . ,vz,,~ ~,
4---- - -.i 1. was esnmateT

from tNa current traces taken 1.5 to 5 rain after breaking the cell membrane, tne'6e tantibody effect I
had begun. Mean values SEM from sevenenexof rihe ts in the presence of AbspWl and three
experiments in the absence of antibody are presented.
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